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a  b  s  t  r  a  c  t
Different  ions  typically  used  in  downstream  processing  of biologicals  are  evaluated  for their potential  in
anion  exchange  chromatography  of an industrially  produced,  pandemic  inﬂuenza  H1N1  virus.  Capacity,
selectivity  and recovery  are  investigated  based  on single  step  elution  parallel  chromatography  experi-
ments.  The  inactivated  H1N1  feedstream  is  produced  in Madin-Darby  Bovine  Kidney  cells.  Interesting
effects  are  found  for sodium  phosphate  and  sodium  citrate.  Both  anions  are  triprotic  kosmotropes.  Anion
exchange  chromatography  generally  offers  high  scalability  to satisfy  sudden  demands  for  vaccines,  which
may  occur  in case  of  an  emerging  inﬂuenza  outbreak.  Appropriate  pH conditions  for H1N1  adsorption  are
determined  by  Zeta  potential  measurements.  The  dynamic  binding  capacity  of a salt  tolerant  polyamine-
type  resin  is  up  to  6.4 times  greater  than  the  capacity  of a  grafted  Q-type  resin.  Pseudo-afﬁnity  interactions
of  polyamines  with  the  M2  protein  of inﬂuenza  may  contribute  to the  obtained  capacity  increase.  Both
resins  achieve  greater  capacity  in sodium  phosphate  buffer  compared  to Tris/HCl.  A recovery  of  67% andseudo afﬁnity chromatography DNA  clearance  close  to 100%  without  DNAse  treatment  are  achieved  for the  Q-type  resin.  Recovery  of the
virus  from  the  salt  tolerant  resin  requires  the  use  of  polyprotic  acids  in  the  elution  buffer.  85%  of the  DNA
and  60%  of the  proteins  can  be removed  by  the  salt  tolerant  resin.  The  presence  of sodium  phosphate
during  anion  exchange  chromatography  seems  to support  stability  of  the  H1N1  particles  in presence  of
hydrophobic  cations.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Recently, the use of anion exchange chromatography for
nﬂuenza particle puriﬁcation has become more attractive. In
007, the ﬁrst inﬂuenza vaccine propagated in cell culture has
een approved by the European Medicines Agency [1]. Seamlessly
calable production of virions in cell culture requires efﬁcient
nd ﬂexible downstream puriﬁcation strategies. Column chro-
atography is a well-established technology that meets theseequirements. Ion exchange chromatography in particular provides
igh productivity, due to its comparatively high capacity. Anion
xchange chromatography based on Q-Sepharose after prepara-
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T. Rathfelder), Egbert.mueller@tosoh.com (E. Müller).
ttp://dx.doi.org/10.1016/j.chroma.2016.04.047
021-9673/© 2016 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
tive size exclusion chromatography removes high base pair host
cell DNA, which may  also be associated to virus particles [2].
Chromatographic strategies based on size exclusion chromatog-
raphy for primary puriﬁcation and subsequent polishing by ion
exchange chromatography are comparatively less efﬁcient. Ion
exchange chromatography as a ﬁrst step and size exclusion chro-
matography of reduced pre-puriﬁed volumes are more productive.
Anion exchange chromatography in ﬂow-through mode is part
of a three step puriﬁcation scheme including, DNase treatment,
and ﬂow-through chromatography with restricted access media
[3]. However, non-capturing puriﬁcation trains are often less
efﬁcient, since water for injection represents volume-wise the
largest impurity. In ﬂow-through chromatography, the product is
diluted during downstream processing. Hence, development of a
chromatographic capturing step on the basis of anion exchange
chromatography could help to improve process efﬁciency and pro-
cess scalability in case of a pandemic outbreak of viral diseases.
Crucial factors in ion exchange chromatography are pH and salt
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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oncentration. However, virus stability sets tight bonds to the appli-
able operational window [4,5], which impede conditions typically
sed in ion exchange chromatography of proteins. Trilisky and
enhoff have studied the adsorption behavior of adenovirus type
 to strong anion exchangers with quaternary ammonium ligands.
he corresponding maximum capacity is reached at 0.2 mM sodium
hloride, determined by optical density measurements [6]. Several
ther studies show that the adsorption of viruses to soils of the
ame charge is supported by introducing moderate salt concen-
rations. Further, multivalent ions like Ca2+ support aggregation of
hage MS2  [7]. Cations carrying two or three charges at concen-
rations in the range of 10–30 mM appear to be especially useful
8–12]. Taylor et al. suggest that this is due to the shielding of sur-
ace charges and a reduction of the electric double layer [12]. In turn,
an der Waals interactions become more dominant, which accord-
ng to the Derjaguin–Landau–Verwey–Overbeek–Lifshitz theory
upports coagulation and sorption processes [12–14]. In case of
atrices with different charge, charge shielding is expected to
educe binding of virus particles. Based on these ﬁndings, salt
olerant resins may  lead to productivity improvements in anion
xchange chromatography of inﬂuenza particles. High salt con-
entrations lead to dissociation of protein-DNA complexes and
 salt tolerant ion exchange chromatography step could poten-
ially beneﬁt from this effect with regards to capacity and product
urity [15–22]. Salt tolerance of ion exchange resins is often sup-
orted by an additional hydrophobic moiety of the ligand. This
trategy seems less promising for adsorption of inﬂuenza parti-
les. Hydrophobic cations induce inactivation, structural damage
nd release of RNA from the inﬂuenza virus particle [23]. Such
ffects may  be anticipated by the use of stabilizing electrolytes.
alcium ions support thermal stability of neuraminidase 1 [24].
he effectiveness of a variety of additives during downstream pro-
essing of biopharmaceuticals is widely recognized. For instance,
rginine improves recovery of monoclonal antibody (mAb) from
rotein A [25] and generally prevents non-speciﬁc interactions
26,27]. Another example is polyethylene glycol 10,000. Addition
f 1% of this modiﬁer to the liquid phase increases ion exchange
hromatography recovery of hepatitis B virus surface antigen from
5% to 80% [28]. To our best knowledge, effects of different elec-
rolytes on inﬂuenza purity, recovery and sorption efﬁciency have
ot yet been investigated. The herein employed inﬂuenza strain is
n industrially produced virus for use in vaccines and originates
rom pandemic H1N1.
. Materials and methods
.1. H1N1
Inactivated H1N1 feedstream was provided by courtesy of IDT
iologika GmbH, Dessau-Rosslau, Germany and was used in all
xperiments of this study. The H1N1 is a pandemic inﬂuenza
 vaccine strain, which is produced in an industrial process in
adin-Darby Canine Kidney bioreactor cell culture according to
he process established by Hundt et al. [29]. The virus particles were
arvested, 20-fold concentrated, and inactivated by treatment with
-propriolactone.
.2. Resins
Two methacrylate based strong anion exchange resins named
OYOPEARL GigaCap Q-650M, and TOYOPEARL NH2-750F were
sed in this study. Both resins were supplied by Tosoh Bioscience
mbH (Griesheim, Germany). GigaCap Q-650M is a grafted resin
ith a particle size of 65 m and a pore size of 100 nm of the
ase matrix. Mean particle size of NH2-750F is 45 m and pore. A 1448 (2016) 73–80
size is greater than 100 nm.  Functionality of NH2-750F is based
on a proprietary polyamine ligand Primary amine groups have
strong anion exchange functionality. The ligand backbone allows
for hydrogen bonding. GigaCap Q-650M is a classical quaternary
amine-type stationary phase. Ion exchange capacity of GigaCap
Q-650M is 0.15 ± 0.05 meq/ml, whereas ion exchange capacity of
NH2-750F is 0.1 ± 0.03 meq/ml. Sorption of anionic proteins, e.g.
bovine serum albumin (BSA), to NH2-750F is salt tolerant.
2.3. Zeta potential measurements
The zeta potential of the inactivated virus particles and the pro-
tein nanoparticles was  assessed by electrophoretic light scattering
with the DelsaMax Pro according to the model of Smoluchowski.
An electric ﬁeld with amplitude of 2.5 V alternated at 10 Hz. Buffer
exchange and removal of the majority of host cell proteins or
remaining reaction educts were accomplished with preparative
size exclusion chromatography using TOYOPEARL HW-65F. The
zeta potential was  measured in 100 mM sodium acetate buffer at pH
4.0, 4.5, 5.0, 5.5, 100 mM sodium phosphate at pH 6.0, 6.5, 7.0, 8.0.
Zeta potential measurements were performed at least in triplets.
2.4. Hemagglutination assay
The hemagglutination activity was determined with Tecan Free-
dom Evo 150. Chicken erythrocyte preparations in Alsever solution
were purchased from preclinics GmbH (Potsdam, Germany). 4 ml
of the erythrocyte preparation were diluted with 40 ml  phosphate
buffered saline (PBS): 1.54 mM potassium dihydrogen phosphate,
8.10 mM disodium hydrogen phosphate, 2.68 mM potassium chlo-
ride and 137 mM sodium chloride, pH 7.5 at 25 ◦C. All chemicals
were purchased from Merck (Darmstadt, Germany), unless indi-
cated otherwise. Pelleted erythrocytes were resuspended in 40 ml
of cold PBS. Erythrocyte concentration was  determined with a
Fuchs-Rosenthal cytometer, and adjusted to 2 × 107 ± 0.1 × 107
cells per ml.  100 l of the H1N1 containing samples were trans-
ferred into every second row of the ﬁrst two columns of U-bottom
96 well plates. A 1:20.5 dilution of the samples was pipetted into
the ﬁrst two wells of the remaining rows. Serial 1:2 dilutions of
all samples in phosphate buffered saline within every row were
completed. 100 l of the erythrocyte solution were added to all
wells and plates were incubated for one hour at room temperature.
Results were evaluated by absorbance readings at 700 nm.  Results
were double-checked manually and experiments were repeated in
the rare case of inconsistency.
2.5. Dynamic binding capacities
Dynamic binding capacities (DBC) at 10% breakthrough
were determined with a Tecan Freedom Evo 150 (Männerdorf,
Switzerland) system equipped with a TeChrom Station, and a Tecan
inﬁnite 200 PRO UV reader. 200 l RoboColumns packed with
TOYOPEARL GigaCap Q-650M, and TOYOPEARL NH2-750F were
purchased from Atoll (Weingarten, Germany). Virus feedstream
was dialyzed through 24 Å pores into loading buffer overnight at
4 ◦C and loaded at 150 cm/h. 200 l fractions of the ﬂow-through
were collected into U-bottom 96 well plates (Greiner Bio-One,
Frickenhausen, Germany). Breakthrough was determined by an
adapted hemagglutination assay of the collected fractions and the
feed solution. The hemagglutination assay titer of the feed diluted
1:10 in PBS was  identiﬁed. Collected fractions were then diluted
to the least concentration, at which the prior hemagglutination
assay of the 1:10 sample dilution turns positive. 100 l of the
dilution and 100 l of the prepared erythrocytes were then pipet-
ted into U-bottom 96 well microplate and incubated for 1 h at
room temperature. If the assay turned positive, 10% of the virus
J. Vajda et al. / J. Chromatogr
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Fig. 1. Zeta Potential of inactivated H1N1 at different pHs. The isoinic point is in
he  range of pH 4.5–5.0. Virus samples are buffered in 100 mM sodium acetate or
odium phosphate.
ould be detected in the eluate fraction. DBC of both resins for
SA were determined in the same instrument, except breakthrough
as determined by absorbance readings at 280 nm.  50 and 100 mM
odium phosphate and Tris/HCl buffer, respectively, were tested for
olumn loading at pH 7.0 and 8.0. Columns were cleaned with 0.5 M
odium hydroxide and 0.5 M chlorous acid prior to re-equilibration.
apacities were determined at least in duplicates.
.6. Elution buffer screening
Screening of suitable elution buffers was performed in 600 l
oboColumn format using the previously described Tecan sys-
em. Various different elution buffers or additives were tested: 1 M
odium chloride, 1 M calcium chloride, 0.5 M sodium phosphate,
.5 M sodium citrate, 1 M arginine/HCl. Electrolytes were solved in
0 mM Tris/HCl or sodium phosphate, pH 6.0, 7.0, and 8.0.
.7. Size exclusion chromatography
Size Exclusion Chromatography was used for qualitative and
uantitative analysis of the H1N1 samples. A polymethacrylate
ased TSKgel G6000PWxl (Tosoh Bioscience GmbH) with pores
reater than 100 nm was connected to a Shimadzu LC Prominence
ystem (Shimadzu, Tokyo, Japan) equipped with a MiniDawn Treos
Wyatt Technology, Santa Barbara, USA). 100 mM sodium phos-
hate buffer at pH 7.0 containing 200 mM sodium chloride was
sed at a ﬂow rate of 1.0 ml/min. UV absorbance was  monitored
t 214 nm.  100 l of the samples were injected and analysis was
erformed at least in duplicates.
.8. DNA quantiﬁcation
DNA contents in load, ﬂow-through and elute fractions of anion
xchange chromatography were determined with a ﬂuorescence
ased assay. The applied Quant-iT ds DNA HS assay (Invitrogen,
arlsbad, USA) was conducted according to the instructions of the
anufacturer. The lower limit of detection of this assay is 0.2 ng/ml.
. Results and discussion
.1. Zeta potentialZeta potential of H1N1 particles puriﬁed by size exclusion chro-
atography was determined at different pHs. Results are shown in
ig. 1. The isoionic point of the inactivated H1N1 is in the range of. A 1448 (2016) 73–80 75
4.5–5.0. This corresponds to ﬁndings obtained with other inﬂuenza
strains, published in literature. Miller et al. report an isoelectric
point of 5.3 [30]. Zhilinskaya et al. determine it as 5.0 [31]. Inter-
estingly, hemagglutination activity of another H1N1 virus has a
minimum at pH 5.0 [2]. The zeta potential of H1N1 decreases to
−8 mV  at pH 8.0. 100 nm protein nanoparticles prepared from BSA
have a zeta potential of −15 mV  at 8.0 [32]. Zeta potential of BSA in
100 mM solutions of different salts range from −5 to −20 mV  [33].
The value of the zeta potential of H1N1 is comparatively lower. Con-
tributions of interactions other than ion exchange might become
more important. Nevertheless, H1N1 is still anionic in a neutral
pH environment. Hence, pH 8.0 should support binding of H1N1
particles through electrostatic interactions.
3.2. Dynamic binding capacities
DBCs for H1N1 in 50 mM Tris/HCl and sodium phosphate at pH
7.0 and 8.0 are shown in Table 1. The DBCs of NH2-750F for the
virus are higher compared to the capacities of GigaCap Q-650M.
NH2-750F has smaller particles. The surface available for adsorp-
tion of the virions is greater, compared to GigaCap Q-650M. Pore
size may  also contribute to a greater capacity, since the virions may
have access to the comparatively larger pores of this resin. Although
the pore size is only slightly greater than the virions itself, good
coverage of the resin outer particle surface may  induce osmotic
pressure to accelerate diffusion of the virions into the pores. Resin
speciﬁc effects may  extend to binding kinetics of virion particles
during anion exchange chromatography. Yu et al. report a decrease
in kD and an increase in qmax for increasing ligand densities of DEAE
resins [34]. In contrast, Opitz et al. ﬁnd no direct correlation of lectin
ligand density and binding efﬁciency of H1N1 inactivated virions
[35]. However, this comparison includes ligand densities and dif-
ferent backbones, such as agarose, cellulose or glass particles. The
employed ligand densities are in the range of several mg/ml resin,
which ensures an excess of ligand. Ion exchange capacity of Giga-
Cap Q-650M is 50% higher than ion exchange capacity of NH2-750F.
Based on the ion exchange capacities, one would expect that virus
capacity of GigaCap Q-650M is higher or equivalent to the capacity
of NH2-750F. However, the opposite is true (Table 1). One poten-
tial explanation for higher capacities of the polyamine type resin
refers to speciﬁc effects of the polyamine. The inﬂuenza ion chan-
nel protein M2  has a high afﬁnity binding site for polyamines
[36]. Polyamines, such as spermidine bind to M2 and block the
ion channel. Adamantanes are antiviral drugs that make use of
this mechanism [36]. Pseudo afﬁnity interactions may  contribute
to the binding of the polyamine ligand to the inﬂuenza particles.
Adsorption of other enveloped viruses may  be supported, as well.
For instance, HIV has ion channels similar to M2  [37]. These ion
channels are a drug target for polymeric adamantan analogues
[38]. In presence of physiological sodium or potassium concen-
trations, the minimum inhibitory concentration of polyamines for
inﬂuenza is 100 M.  Inhibitory polyamine concentrations decline
by two to three orders of magnitude in absence of sodium ions.
This could lead to smaller kD values of the polyamine ligand. Lin
et al. further suggest that polyamines bind to negatively charged
lipid head groups with lower afﬁnity [36]. Other interactions, i.e.
hydrophobic or van der Waals interactions may  contribute as well.
The Zeta potential of H1N1 in buffered solutions is low. Further
evidence for non-electrostatic interactions during H1N1 adsorp-
tion is provided by a comparison of capacities in different binding
buffers. Binding capacities in sodium phosphate are higher, com-
pared to Tris/HCl. This applies to both resins (Table 1). However,
capacity increases of NH2-750F are comparatively greater: NH2-
750F binds 6.4-fold more H1N1 than GigaCap Q-650M in 50 mM
sodium phosphate buffer, pH 8.0. Higher resin capacity due to bind-
ing in sodium phosphate buffer is unexpected in anion exchange
76 J. Vajda et al. / J. Chromatogr. A 1448 (2016) 73–80
Table  1
Dynamic binding capacity of NH2-750F and GigaCap Q-650M for H1N1. Capacities were determined at pH 7.0 and 8.0 in sodium phosphate and Tris/HCl buffer. Depending
on  the individual conditions, NH2-750F binds up to 6.4 times more H1N1 than GigaCap Q-650M.
Resin buffer fraction volume [L] HA Titer load [HAU × 100 l−1] breakthrough fraction DBC10 [HAU/ml-resin]
NH2-750F 50 mM Tris pH 7.0 200 128 48 6.14E + 04
50  mM Tris pH 8.0 200 45 62 2.79E + 04
50  mM NaPipH 7.0 200 288 >45 >1.30E + 05
50  mM NaPipH 8.0 200 341 >45 >1.53E + 05
GigaCap  Q-650M 50 mM Tris pH 7.0 200 362 6 2.17E + 04
2 3.75 1.36E + 04
8 9.50 2.74E + 04
1 7.00 2.39E + 04
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Fig. 2. DBC of NH2-750F (A) and GigaCap Q-650M (B) for BSA. Capacities were deter-
mined at pH 7.0 and 8.0 in sodium phosphate (light grey) and Tris/HCl (black) buffer50  mM Tris pH 8.0 200 36
50  mM NaPipH 7.0 200 28
50  mM NaPipH 8.0 200 34
hromatography. If an anion exchanger is equilibrated in phosphate
uffer, phosphate will adsorb to the stationary phase. If Tris/HCl
uffer is used instead, comparatively smaller chloride ions will
dsorb to the chromatography matrix. Smaller ions are thought to
e displaced faster by proteins or virions. Further, a considerable
ortion of phosphate ions carry two charges at the applied pH con-
itions. It binds with higher avidity to the anion exchange resin.
ence, it neutralizes charges of the anion exchange resin. Simul-
aneously, the buffer concentration and capacity of the mobile
hase is decreased. Changing the eluent may  lead to pH waves,
ue to buffer ion adsorption or desorption [39,40]. This effect is
articularly important in context of weak (cation) ion exchang-
rs. The employed resins are strong anion exchangers. However,
ifferent phosphate buffers stabilize inﬂuenza vaccines [41,42].
or this reason the presence of phosphate during chromatogra-
hy seems beneﬁcial. Higher virus binding capacities in phosphate
uffer might be due to greater van der Waals forces. The capac-
ty increase due to sodium phosphate does not hold true for BSA
nd both resins. Fig. 2 shows DBCs of BSA in sodium phosphate
nd Tris/HCl. BSA capacities in Tris/HCl are roughly three times
igher for GigaCap Q-650M and ten times higher for NH2-750F,
ompared to sodium phosphate. Electrostatic interactions may  play
 comparatively minor role in binding of virus particles, com-
ared to proteins. Instead, van der Waals interactions may  become
ore important for adsorption to NH2-750F. The Debye length
ecreases with increasing ionic strength [43]. The latter is a sum
f the molal concentration and valence of the ions in solution. In
urn, sodium phosphate supports additional van der Waals interac-
ions. Citrate and phosphate buffer form pseudo-polyampholytes
ith polyethylenimin [44]. The presence of phosphate ions may
ecrease net charge of the polyamine ligand. Entropic effects due
o the release of a greater number of salt ions in close vicinity
f the virus particles may  contribute as well. Highly branched
olyethylenimin ligands retain amino acids and other polar bio-
ompounds through hydrophilic interactions [45]. Hydration of the
irus and the polyamine ligand might be affected by the presence of
hosphate. Similarly hydrated molecules of opposite charge prefer-
bly interact [46].
.3. Recovery
Recovery was determined by analytical size exclusion chro-
atography and the hemagglutination assay. Results are listed in
ables 2 and 3. Calcium mediated hemagglutination is described
n literature [47]. Yet calcium chloride elution buffers interfere
ith the hemagglutination activity and lead to false positive results
n the assay (Fig. 3). Hence, two analytical methods were applied
o determine recoveries. Recoveries determined by size exclusion
hromatography are roughly 50% lower compared to recoveries
etermined by the hemagglutination assay. This may  be due to bro-
en virus particles with remaining hemagglutination activity. Such
ebris co-elutes with protein impurities and is not recognized asat  a protein concentration of 10 g/L. Capacities in Tris/HCl are higher compared to
sodium phosphate buffer.
recovered virus in size exclusion chromatography. Recoveries and
purities obtained at pH 7.0 and pH 8.0 are consistent.
Table 2 shows results obtained with monovalent anions and
zwitterions. H1N1 cannot be recovered from NH2-750F with the
applied monovalent anions or zwitterions. This may indicate great
binding avidity and insufﬁcient displacement of the virus by mono-
valent ions. Alternatively, this could be explained by an insufﬁcient
sodium concentration to weaken the suggested afﬁnity-like inter-
actions with the M2 protein.Recoveries from TOYOPEARL GigaCap Q-650M with monova-
lent anions or zwitterions are higher, compared to recoveries
of NH2-750F. Recoveries determined by analytical size exclusion
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Table  2
H1N1 recovery, DNA removal, and protein clearance of NH2-750F and GigaCap Q-650M. The pools were eluted with sodium chloride, calcium chloride, arginine, and lysine.
Recoveries based on the hemagglutination activity are roughly twice as high as recoveries determined by size exclusion chromatography. Protein removal could not be
determined in salts with high UV absorbance at 214 nm, i.e. lysine, arginine. Whole H1N1 particles cannot be recovered from NH2-750F with the applied elution buffers.
DNA  removal is 99% except in case of sodium chloride elution from GigaCap Q-650M.
load buffer elute buffer [M]  resin pH DNA removal [%] recovery by HA [%] recovery by SEC [%] protein removal [%]
50 mM Tris/HCl 1.0 sodium chloride NH2-750F 7.0 99.80 0.00 0.62 71.96
8.0 100.00 0.00 0.92 57.85
GigaCap Q-650M 7.0 70.77 192.12 60.54 14.09
8.0 55.12 251.56 66.80 −0.20
1.0  lysine NH2-750F 7.0 99.89 0.00 0.60 n/a
8.0 100.30 0.00 1.07 n/a
GigaCap Q-650M 7.0 42.37 177.85 67.87 n/a
8.0 64.86 184.57 41.67 n/a
1.0  arginine NH2-750F 7.0 99.95 0.00 0.64 n/a
8.0 99.39 0.00 0.00 n/a
GigaCap Q-650M 7.0 42.35 114.13 58.13 n/a
8.0 40.16 123.05 49.43 n/a
1.0  calcium chloride NH2-750F 7.0 99.71 n/a 0.85 n/a
8.0 99.19 n/a 4.56 n/a
GigaCap Q-650M 7.0 99.47 n/a 26.47 n/a
8.0 99.13 n/a 2.18 n/a
50  mM sodium
phosphate
0.5 sodium chloride NH2-750F 7.0 100.00 4.10 1.69 83.18
8.0 100.00 0.00 0.30 90.00
GigaCap Q-650M 7.0 98.68 77.25 41.00 57.98
Table 3
H1N1 recovery, DNA removal, and protein clearance of NH2-750F and GigaCap Q-650M. The pools were eluted with sodium phosphate and sodium citrate. Citrate containing
elution buffers did not allow determining the protein content. 50 or 30% (depending on the method used for quantiﬁcation) of the applied H1N1 can be recovered from
NH2-750F using sodium phosphate or sodium citrate for elution. 60% of the proteins are removed if sodium phosphate is used during chromatography. DNA clearance rates
range  from 65 to 100%.
laod buffer elute buffer [M]  resin pH DNA removal [%] recovery by HA [%] recovery by SEC [%] protein removal [%]
50 mM Tris/HCl 0.5 sodium phosphate NH2-750F 7.0 91.69 15.22 6.82 −5.23
8.0 86.84 11.62 9.91 1.50
GigaCap Q-650M 7.0 98.81 66.58 35.69 23.28
8.0 99.51 31.39 17.61 44.39
0.5  sodium citrate NH2-750F 7.0 76.31 33.89 4.65 n/a
8.0 80.36 34.38 2.31 n/a
GigaCap Q-650M 7.0 98.08 61.06 39.62 n/a
8.0 95.64 52.88 40.31 n/a
50  mM sodium
phosphate
0.5 sodium phosphate NH2-750F 7.0 84.94 36.79 30.07 61.16
8.0 87.05 16.92 32.70 60.24
GigaCap Q-650M 7.0 99.50 36.57 30.57 33.53
0.5  sodium citrate NH2-750F 7.0 86.52 50.00 26.21 n/a
8.0 75.01 39.14 20.92 n/a
GigaCap Q-650M 7.0 65.47 58.89 18.42 n/a
8.0 100.40 54.81 41.00 n/a
0.5  sodium NH2-750F 7.0 76.31 33.89 9.20 n/a
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8.0 
hromatography range from 40 to 70%, except for calcium chloride.
alcium chloride recoveries range between 2 and 26%. Recoveries
etermined through hemagglutination activity exceed 100%. Nat-
rally, this must be an artifact. The standard deviation of the
emagglutination assay is comparatively high. Although the assay
as run on a pipetting robot, other factors, such as the elution buffer
omposition and aging of the erythrocytes continue to impair assay
eproducibility. Further, virus particle fragmentation leading to a
reater number of debris molecules with remaining hemagglutina-
ion activity may  lead to false positive results. The comparatively
ow recovery of H1N1 from GigaCap Q-650M by calcium chloride
lution may  be explained by the Schulze–Hardy rule. The con-
entrations of counterions required to induce colloid ﬂocculation
ecreases with higher valency of the counterions [48]. Together
ith a comparatively low zeta potential, this may  support unspe-
iﬁc adsorption of the virus particles to the resin. Recoveries of
he other monovalent anions and zwitterions are similar. This can
e expected, provided the adsorption can be described by the6 34.38 9.13 n/a
8 61.06 9.40 n/a
4 52.88 21.46 n/a
stoichiometric exchange of charges. According to these results,
H1N1 adsorption to GigaCap Q-650M seems to be governed by ion
exchange interactions.
Table 3 shows H1N1 recoveries obtained from NH2-750F and
GigaCap Q-650M with polyprotic acids. Citrate and phosphate sup-
port elution of H1N1 from NH2-750F. Recoveries determined by
size exclusion chromatography range from 0 to more than 40%.
Recoveries determined by the hemagglutination assay reach more
than 60%. Recoveries from GigaCap Q-650M are higher compared to
recoveries from NH2-750F, except if sodium phosphate is applied
for loading and elution. Hydrophobicity seems to play a minor role
in binding of H1N1 particles to the NH2-750F resin. Sodium citrate
and sodium phosphate are both kosmotropic. Hence, hydrophobic
interactions will be strengthened at increasing concentrations and
would prevent H1N1 elution. Roughly 10% (according to analyti-
cal size exclusion chromatography) of the virus can be recovered
by elution in 0.5 M sodium phosphate for NH2-750F. This recovery
supporting effect may  be attributed to the valency of these ions.
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Fig. 3. Impact of different electrolytes on hemagglutination at pH 7.0. Results are
normalized against the hemagglutination activity in 5 mM Tris/HCl without further
addition of salt (0 mM,  black). Grey tones of the bars indicate different concentra-
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oions of the corresponding electrolyte concentrations. Effects of sodium chloride,
odium phosphate, lysine, and arginine are negligible. Hemagglutination activity
orrelates proportionally with the calcium chloride concentration.
uch effects can be expected for polyamine ligands. The avidity
f polyprotic acids to the polyamine ligands of NH2-750F is higher
han in case of monovalent ions. Increasing concentrations of citrate
nd phosphate may  lead to the formation of polyampholytes with
ncreasing negative net charge. This would lead to charge induced
epulsion of adsorbed virus particles. Changing the charge density
f the polyamine ligand affects its hydration. Thus, hydrophobic
nteractions will be affected, as well. Further, every mole sodium
itrate or sodium phosphate contains three times the amount of
odium ions, compared to sodium chloride. Beneﬁts of polypro-
ic acids may  not be limited to the stoichiometric exchange of
ounter ions and avidity. The polyamine binding sites in the M2
rotein are usually occupied by sodium ions [36]. Greater sodium
oncentrations may  displace the polyamine ligand from the M2
rotein. Inhibitory polyamine concentrations increase by two  to
hree orders of magnitude in the presence of physiological sodium
oncentrations [36]. Hence, afﬁnity-like interactions should be
eakened by increasing sodium concentrations.
Comparing virus recoveries of samples eluted with sodium
hosphate, loading with 50 mM sodium phosphate instead of
0 mM Tris/HCl increases recovery from the polyamine type resin
o more than 30%. This may  be due to the present sodium ions.
he M2  protein regulates the proton ﬂux across the virus mem-
rane. Mutations in the M2  protein have been shown to increase
he expression levels of the low pH-form of hemagglutinin [49].
he binding of polyamines to M2  and blockage of the ion channel in
bsence of competitive sodium ions seem to induce breakup of the
embrane at the chromatographic stationary phase. Hydrophobic
oly-cations, such as the polyamine ligand, have been described
o inactivate inﬂuenza virus particles [23]. The addition of 0.1 M
hosphate to saline solutions of inﬂuenza virus particles main-
ains activity of the virus [41]. A mixture of sucrose, phosphate,
nd glutamate increases stability of inﬂuenza vaccine formula-
ions against temperature [42]. The suggested mechanism involves
dherence and shearing of the virus particle, as well as release of
he incorporated RNA. This effect is independent from the nature
f the surface to which the hydrophobic poly-cation is immobi-
ized. Polyprotic acids present during virus adsorption may  shield
ome of the charges of the poly-cation and remain bound, based
n their greater avidity. This would inhibit shearing, spreading and. A 1448 (2016) 73–80
destruction of virus particles. Due to the smaller number of ionic
interactions, this would support virus recovery. Further, sodium
ions may  prevent from inhibition of all M2  proton channels, thus
stabilizing the virus particle. Virus recovery from GigaCap Q-650M
is not affected by the different load buffers. Recoveries from Giga-
Cap Q-650M with sodium citrate and sodium phosphate are lower
compared to monovalent anions and zwitterions. Citrate and phos-
phate are kosmotropic ions, and hydrophobic interactions could
prevent higher recoveries.
3.4. DNA clearance
The applied experimental setup with a step elution does not
allow complete separation of virus particles from DNA  in all cases.
Nevertheless, different electrolytes seem to affect DNA clearance.
DNA clearance results of the various parallel chromatography runs
are shown in Tables 2 and 3. DNA clearance of the NH2-750F resin
is close to 100%, except from elution with polyprotic acids. DNA  is
a poly-anion. Binding of DNA to the poly-cationic ligand is like a
zipper. Replacement may  only be accomplished by ions with multi
charged structure. DNA removal of NH2-750F in combination with
sodium phosphate and sodium citrate elution still exceeds 75%. It is
in most cases roughly 85%. DNA removal of GigaCap Q-650M ranges
from 40 to 100%. The valency of the applied salt ions has no signiﬁ-
cant impact. However, lysine and arginine support DNA co-elution
with the virus. Lysine elution led to a DNA reduction by 40%. Sodium
phosphate leads to almost complete DNA removal with GigaCap
Q-650M. No such effect can be observed with NH2-750F. The capa-
bilities of arginine to prevent from non-speciﬁc interactions have
been described for various applications in protein chromatography,
such as size exclusion chromatography and protein A chromatog-
raphy [50]. The limiting DNA concentration in human whole virion
inﬂuenza vaccines is 10 ng per dose and the required amount of
hemagglutination assay antigen is 15 g of each of the 3 strains
per dose [51]. The detection limit of the applied DNA assay is not
sufﬁcient to conﬁrm compliance with these guidelines.
3.5. Total protein content
Protein contents were determined by analytical size exclu-
sion chromatography. A Bradford assay calibrated against BSA
led to negative protein concentrations in several cases (results
not shown). Size exclusion chromatography allows differentiating
between virus proteins arranged in whole virus particles and host
cell proteins, as well as virus proteins from virus particle debris.
Representative size exclusion chromatograms of the virus sample
and anion exchange elute pools are shown in Fig. 4A and B. Elu-
tion buffers containing citrate, arginine, or lysine were excluded
from the evaluation. The background signal of these salts interferes
with the protein peaks. Protein removal of 1 M NaCl is negligible
for both resins. Gradient experiments are required for further eval-
uation of the selectivity provided by sodium chloride. However,
other electrolytes applied in this study achieve protein removal.
GigaCap Q-650M removes one third of the feedstream proteins if
sodium phosphate is applied for sorption and desorption. NH2-
750F achieves removal of 60% of the initial protein content. This
may  be due to the salt tolerant binding characteristics of NH2-
750F. Retention of anionic proteins is greater and proteins are not
eluted from the resin. NH2-750F binds proteins at their isoelectric
point. This allows for a greater efﬁciency in protein binding. Protein
removal of sodium chloride elution and sodium phosphate elution
should be compared with caution. The limiting solubility of sodium
phosphate in aqueous solution implies to use lower concentrations
of phosphate, compared to sodium chloride. Given a stoichiometric
exchange of ions is required for protein elution with no preferen-
tial effects present, higher salt concentrations lead to lower protein
J. Vajda et al. / J. Chromatogr
Fig. 4. Size exclusion chromatograms of the virus samples eluted from TOYOPEARL
NH2-750F (A) and TOYOPEARL GigaCap Q-650M (B). The Anion exchange chro-
matography feedstream (continuous line) is shown as a reference. H1N1 recovery
from NH2-750F is low if the sample is loaded in Tris/HCl and eluted with sodium
phosphate (dotted line) or sodium citrate (dot-dashed line). H1N1 Recovery from
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[H2-750F increases if the sample is loaded in sodium phosphate and eluted in
odium phosphate (short dashes) or sodium citrate (long dashes). Recovery from
igaCap Q-650M is not affected by different load buffers.
emoval. However, resin speciﬁc effects of sodium phosphate can
till be observed.
The buffer applied during adsorption of the virus particles seems
o play a role, as well. Virus samples eluted from NH2-750F con-
ain comparatively more protein impurities, if Tris/HCl was  used
uring adsorption. A reduction by 60% is achieved if sodium phos-
hate is applied for sample adsorption and desorption. Adsorption
n Tris/HCl and desorption in sodium phosphate does not reduce
he proteins determined by analytical size exclusion chromatogra-
hy (Fig. 4). Considering the lower virus recoveries achieved after
orption in Tris/HCl, this may  indicate virus particle destruction.
reater total protein contents in the anion exchange elute pools
ould be due to virus particle debris. Greater protein capacities of
he resins in presence of Tris/HCl buffer during adsorption (Fig. 2)
ay  contribute to lower protein purities, as well.
. ConclusionsCapturing of H1N1 by anion exchange chromatography seems
o be a promising approach to increase efﬁciency and ﬂexibility
f inﬂuenza puriﬁcation. This is especially important for the pro-
[. A 1448 (2016) 73–80 79
duction of vaccines against pandemic viruses, such as the herein
investigated H1N1. A salt tolerant polyamine-type and a grafted
Q-type anion exchanger were tested and both resins have their ben-
eﬁts and drawbacks. The Q-type resin allows for high DNA  clearance
rates. Remaining DNA levels are close to the limit of detection of
the applied ﬂuorescence assay without DNAse treatment. Compar-
atively higher recoveries are obtained with TOYOPEARL GigaCap
Q-650M. The salt tolerant polyamine type resin provides mostly
lower DNA removal, up to 6.4-fold higher capacities and higher
protein clearance. Pseudo-afﬁnity interactions of the polyamine
ligand to the M2  inﬂuenza protein may  contribute to this capac-
ity increase. Virus recovery from the polyamine type resin requires
polyprotic buffers, such as sodium citrate and sodium phosphate.
Low concentrations of phosphate seem to support stability of
the virus particles during chromatography. Inactivation of the
inﬂuenza particles is attributed to hydrophobic poly-cations. This
effect is inhibited in presence of sodium phosphate buffer. Based
on these ﬁndings, gradient chromatography will be developed as
a next step to further exploit anion exchange chromatography for
inﬂuenza capturing. The presented results were obtained with an
industrially relevant virus strain, which is part of a pandemic H1N1
vaccine.
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